ABSTRACT. This paper reports the results of comprehensive mechanistic investigations of the hydrogen atom transfer (HAT), radical adduct formation (RAF), single electron transfer -proton transfer (SET-PT), and sequential proton loss electron transfer (SPLET) mechanisms of caffeic acid (CA). The goals of the work were achieved by simulating the reactions of CA with hydroxyl radical in benzene and water solutions. It was found that SET-PT is not a favourable antioxidative mechanism of CA. On the other hand, HAT and RAF are competitive, because HAT pathways yield thermodynamically more stable radical products, and RAF pathways require smaller activation barriers. In polar basic environment SPLET is a probable antioxidative mechanism of CA, with exceptionally large rate.
INTRODUCTION
Phenolic compounds are well-known for their antioxidative action that can be realized via several mechanisms (TRUHLAR et al., 1983 cation, and anion, respectively, of the parent compound CA; while R • and R − stand for a present free radical and corresponding anion. B − in Eq. (5) denotes a base whose presence is necessary for heterolytic cleavage of the O-H bonds to occur. Hydroxycinnamic acids are the most widely distributed phenolic acids in plant kingdom. They are often encountered as glucose and quinic acid esters. As for CA, its most abundant conjugate is chlorogenic acid. CA exhibits various biological and pharmacological properties, such as anticancerogenic, anti-inflammatory, immunomodulatory, and antiviral activities (CHALLIS and BARTLETT, 1975; FRANK et al., 1989; IWAHASHI et al., 1990; JOYEUX et al., 1995) . Many such beneficial features of this antioxidant are related to its ability to inhibit oxidative stress and associated molecular damage (SUDINA et al., 1993 ; GEBHARDT and FAUSEL, 1997). A comparative computational study of the antioxidative activities of caffeic and caffeoylquinic acids has been recently carried out by focusing on the thermodynamics of the HAT, SPLET, and SET-PT mechanisms (MARKOVIĆ and TOŠOVIĆ, 2016). It has been revealed that all four acids are characterized with very similar values of the corresponding reaction enthalpies, thus indicating that antioxidative activity of these acids does not depend on the esterification position. This finding complements the results of different experimental assays (XU et al., 2012) . It has been put forward that HAT may be the major mechanism in nonpolar media, while HAT and SPLET are competitive pathways in polar environment . One can assume, based on the fact that CA contains a conjugated chain attached to the aromatic ring, that this compound can undergo the RAF antioxidative pathway with small free radicals (LEOPOLDINI et al., 2011) .
In spite of the fact that antioxidative activity of CA has been the subject of few theoretical investigations (GONZÁLEZ MOA et al., 2006; LITWINIENKO and INGOLD, 2007) , the mechanisms of antioxidative action of this important food ingredient have not been fully clarified. The aim of the present paper is to contribute to the explanation of antioxidative activity of CA by examining its HAT, RAF, SPLET, and SET-PT reaction pathways in the presence of hydroxyl radical.
THEORETICAL
Numerous theoretical models have become valuable tools in researches related to the antioxidative activity of numerous classes of compounds. In our recent work (MARKOVIĆ and TOŠOVIĆ, 2016), the M06-2X functional (ZHAO and TRUHLAR, 2008) in combination with the 6-311++G(d,p) basis set and CPCM polarizable continuum solvation model (COSSI et al., 2003) , has demonstrated robustness and very good overall performance in the investigations of the related problems. Bearing this fact in mind, exactly the same theoretical model was used for all calculations within this work. All computations were carried out by means of the Gaussian 09 software package (FRISCH et al., 2013) .
All participants in the investigated reactions were fully optimized in benzene (dielectric constant ε = 2.2706) and water (ε = 78.3553). The restricted and unrestricted calculation schemes were applied for the closed-shell and open-shell systems. The frequency calculations were performed, and the results obtained were used to determine the nature of the revealed stationary points: no imaginary vibrations for equilibrium geometries, and exactly one imaginary vibration for transition states. The relative free energy and enthalpy values were calculated at T = 298.15 K.
Calculating the rate constants
Our study includes both kinetic and thermodynamic approaches to the investigation of the HAT, RAF, SET-PT, and SPLET mechanisms in CA. The task was realized by simulating the reactions (1) - (7) of CA with hydroxyl radical (HO • ) in nonpolar (benzene) and polar (water) environments. HO • was selected for its biological significance (BELITZ et al., 2009) .
The investigation was divided into two tasks: the one where TS exists between the reactants and products [HAT and RAF, Eqs. (1) and (2)], and the other where there is no TS between the reactants and products [SET-PT and SPLET, Eqs. (3) - (7)]. In all cases, the starting point for calculating the rate constants was the Eyring equation (EVANS and POLANYI, 1935; EYRING, 1935; TRUHLAR et al., 1983) . In contemporary solution phase kinetics, this equation turned out to be the most straightforward way to interpret temperature dependence of rate constants (LENTE, 2015):
In Eq. (10) h and kB denote the Planck and Boltzmann constants, and Δ ‡ is the free activation energy. Dimensional analysis of Eq. (10) shows that it yields the first order rate constant, that is valid for unimolecular reactions. It is a common practice to use the Eyring equation for calculating bimolecular rate constants too. Namely, the two reactants are assumed to form RC, and the process is considered as a unimolecular reaction of this RC. Then, the second order rate constant is given as:
where c ⊝ = 1M concentration by usual convention. Eq. (11) was used to calculate the rate constants for the HAT and RAF antioxidative pathways [reactions (1) and (2)].
In the case of the SET-PT and SPLET mechanisms the Marcus theory (MARCUS, 1993; MILENKOVIĆ et al., 2016) was used to estimate the activation barriers for the electron transfer (ET) reactions (3) and (6):
In Eq. (12) ∆Gr and λ denote the reaction free energy and reorganization energy. λ was estimated as follows (NELSEN et al., 1987; NELSEN et al., 2006; MARTÍNEZ et al., 2012) :
where ∆E is the non-adiabatic difference in total energy between the vertical products and reactants. Some rate constants obtained by inserting Eq. (12) into Eq. (10) were close to the diffusion limit. For this reason, the apparent rate constants (kapp) were obtained using the Collins-Kimball theory (COLLINS and KIMBALL, 1949):
where kD stands for the diffusion rate constant. The main assumption in the Collins-Kimball theory is that reaction takes place at a specific distance α. This distance was calculated as the sum of the reactants radii: (6)]. The CollinsKimball theory relies on the assumption of Smoluchowski, implying that molecules are treated as non-overlapping spheres that diffuse as Brownian particles with diffusion rate kD. Then, the steady state SMOLUCHOWSKI (1917) rate constant for an irreversible bimolecular diffusion controlled reaction is defined as:
In Eq. (15) NA denotes the Avogadro number, and D is the mutual diffusion coefficient of the reactants. According to the Truhlar assumption the motion of two molecular species is considered as the motion of free radical (HO • in our case) that diffuse with respect to the other particle (CA or 
RESULTS AND DISCUSSION

HAT mechanism
As already mentioned, the HAT mechanism is regarded as direct hydrogen atom transfer from phenolic groups of CA to HO • . CA and HO • can build two RCs: RC3 and RC4. These RCs pass through TS3 and TS4, and eventually yield PC3 and PC4. Each PC consists of water molecule and corresponding CA radical (CA3 • Fig. 2 , whereas bond evolution is presented in Table 1 . Table 1 shows that the O10-H3 and O10-H4 distances in corresponding RCs are significantly shorter in benzene than in water. Actually, deviation of the HO • moiety from the RC plane is not pronounced in benzene (Fig. 2) , whereas it is positioned "above" the ring in water. This occurrence is, certainly, a consequence of different polarity of the two solvents. As the reaction occurs, the O3-H3 and O4-H4 distances increase (indicating cleavage of bonds), the C3-O3 and C4-O4 distances decrease (indicating transformation of single into double bonds), and the O10-H3 and O10-H4 distances decrease (indicating formation of water molecule).
Variation of enthalpy and free energy along the reaction coordinate in the 3 and 4 positions is depicted in Fig. 3 . Behaviour of each energy follows very similar trends in water and benzene solutions. When enthalpy is considered, RC lies lower than the reactants because of the optimal Van der Waals and Coulomb interactions. On the other hand, RC lies higher than the reactants in the free energy curve, due to the negative entropy change caused by increased amount of order. In the further course of the reaction, both enthalpy and free energy increase up to TS, and fast decrease down to PC. Then, Gibbs energy continues to decrease (positive entropy change because of reduced amount of order), whereas enthalpy slightly increases up to the products (no intermolecular interaction between separated CA • • •
• and water molecule). Reaction energetics and corresponding rate constants are collected in Table 2 . The reactions in both 3 and 4 positions are noticeably exothermic and exergonic. As expected, the activation energies and corresponding rate constants slightly depend on the solvent polarity.
The kbim values for pathway 3 are slightly larger than those for pathway 4 in both solvents. (Table 2 ). In accord with this finding are the spin density surfaces of the two free radicals (Fig. 4) . These surfaces reveal that the unpaired electron in CA3 •
• •
• is delocalized over the benzene ring, whereas in CA4 •
• it is delocalized over the ring and conjugated chain.
One can conclude, on the basis of the kinetic and thermodynamic analysis of the two HAT pathways, that both reaction paths are favourable in nonpolar and polar solvents. Small differences in activation energies (rate constants) and stabilities of the yielded CA • • •
• radicals make these two reaction paths competitive. Reaction coordinate
RAF mechanism
In a RAF pathway HO • binds to a carbon of CA, thus forming a new free radical, called radical adduct. Very similar situation was observed in water and benzene. The reaction also starts with the formation of RCs (Fig. 5) . We were only able to reveal RC4, RC6, and RC8. An inspection of the spin density surfaces in these RCs shows that the unpaired electron is delocalized over the hydroxyl moiety and entire caffeic moiety. In RC4, RC6, and RC8 spin delocalization includes C3, C4, and C5; C1, C5 and C6; and C7, C8, and C9, respectively, indicating that all these carbons can be attacked by HO • . A vicinity of C2 to the hydroxyl moiety in RC6 (348.0 and 358.1 pm in water and benzene, Table 3 ) designates this RC as a stationary point in pathway 2. In the further course of the reaction these RCs pass through TSs where C-O distances become significantly shorter, and in the products the C-O bonds are completely formed (Fig. 5 and Table 3 ). It is apparent from Fig. 5 that, as the reaction in position 1 progresses, the reaction system becomes non-planar, and therefore, conjugation between the acyclic chain and aromatic ring is lost. Also, addition of HO • to the double C7-C8 bond causes notable deviation of the chain skeleton from the ring plane.
RC4
RC6 RC8   TS1  TS2  TS3   TS4  TS5  TS6   TS7  TS8  TS9 P1  P2  P3   P4  P5  P6 P7 P8 P9 Figure 5 . Characteristic stationary points in the RAF pathways of caffeic acid with hydroxyl radical. In RC4, RC6, and RC8 spin density surfaces are depicted. Variation of enthalpy and free energy along the RAF pathways in water and benzene solutions (Fig. 6) is very similar to that of the HAT pathways. These enthalpy and Gibbs energy changes are quantitatively presented in Table 4 . The corresponding rate constants are also collected in Table 4 . A comparison of Tables 2 and 4 reveals that, as in the case of the HAT mechanism, RAF pathways are somewhat faster in water than in benzene. In general, RAF pathways are faster in comparison to HAT pathways, but less exothermic and exergonic, and even endothermic and endergonic. In addition, RAF pathways are mutually quite different. As expected, the most favourable sites in CA for HO • binding are the carbons of the double bond: C8 and C7. These pathways require the smallest activation energies (show the largest rate constants, Table 4 ), and yield the most stable radical adducts. At first glance, some positions in the benzene ring are suitable for addition of HO • . Pathway 4 requires the smallest activation barrier because TS4 is stabilized by the O3-H3···O10 hydrogen bond (Fig. 5) . However, this pathway leads to the disturbance of aromaticity, and consequently, to less stable radical adducts (Table 4) . Table 4 and Fig. 6 show that C9 is by far the most unfavourable site for binding HO • to CA. This finding refers to both kinetic and thermodynamic points of view. This carboxylic carbon is electrophilic, and thus, not susceptible to attack of other electrophilic particles. The second most unfavourable RAF pathway is that in position 1. As stated earlier, this reaction path is followed with significant deviation from planarity (Fig. 5) , and thus, disruption of electron delocalization between the benzene ring and acyclic chain. Figure 6 . Energy profiles for the RAF pathways of caffeic acid with hydroxyl radical in water solution.
Reaction coordinate
SET-PT and SPLET mechanisms
SET-PT is a two-step antioxidative mechanism. The first step is electron transfer (ET) from CA molecule HO • [reaction (3) ] where the radical cation of caffeic acid CA +• • •
• is formed.
In the second step CA +• • • • donates a proton to the formed base [reaction (4)]. Fig. 7 shows that the unpaired electron is delocalized over the entire radical cation.
Following the above described procedure [Eq. (12)] the activation energies and rate constants were estimated for ET, and the results are summarized in Table 5 . It is apparent that the ET reactions are noticeable endergonic, particularly in benzene, and are characterized with enormously large activation barriers. The corresponding rate constants are (practically) equal to zero. These results undoubtedly indicate that the equilibrium in Eq. (3) is completely shifted to the left, implying that reaction (4) cannot take place at all. In other words, SET-PT is not a possible antioxidative pathway of CA even with highly electrophilic and reactive free radicals in polar media. SPLET is a three-step mechanism. The first step is a heterolytic cleavage of O-H bond in CA, which proceeds spontaneously in the presence of a base. Two phenolate anions can be formed as the products of this reaction step: CA3 − − − − and CA4 − − − − (Fig. 8) . Certainly, the carboxylate anion is also yielded, but it will not be considered in this work because it does not influence antioxidative activity of CA. • and HO − are obtained as the products [reaction (6) ]. The activation barriers and corresponding rate constants for ET were calculated using the Marcus theory, and the results are summarized in Table 6 .
The ∆Gr values reveal that ET reaction in nonpolar benzene is endergonic, whereas in polar water it is exergonic. One can conclude, on the basis of the kapp values that ET is much faster in water than in benzene. Both occurrences are the result of stabilization of the formed anions in polar solvent. Identical kbim and kapp values show that the ET rate in benzene is far from the rates of diffusion controlled reactions. On the other hand, very similar kD and kapp values in water indicate that ET is a diffusion controlled reaction in this solvent. In this step the hydroxide anions are generated, and they participate in the third step of the SPLET mechanism [reaction (7)] by propagating the chain reaction. In conclusion, in polar basic environment, SPLET is a plausible antioxidative pathway of CA characterized with extremely large rate. 
CONCLUSIONS
A systematic investigation of the HAT, RAF, SET-PT, and SPLET antioxidative mechanisms of CA was performed, by examining chemical behaviour of CA towards HO • in nonpolar (benzene) and polar (water) media. It was found, in accordance with our expectations, that HAT and RAF slightly depend on solvent polarity, whereas SET-PT and SPLET are enabled in water.
The two HAT pathways (3 and 4) are characterized with small differences in activation energies (rate constants) and stabilities of the yielded CA • • •
• radicals. As for the RAF mechanism, double bond of the conjugate chain (more precisely C8) is the preferred site of CA for HO • binding. This pathway requires the lowest activation energy and yields the most stable radical adduct. Electrophilic C9 of the carboxyl group is not a favoured position for HO • binding.
ET from CA to HO • is endergonic and requires enormously large activation energies in both solvents. These facts designate SET-PT as an implausible antioxidative mechanism of CA. In basic environment formation of phenolate CA − − − − anions is facilitated. ET from CA − − − − to HO • in water solution is a diffusion controlled reaction. The so-formed hydroxide anions propagate the chain reaction.
In conclusion: HAT and RAF are competitive antioxidative mechanisms of CA, because HAT pathways yield thermodynamically more stable radical products, and RAF pathways require smaller activation barriers. In polar basic environment SPLET is a probable antioxidative mechanism of CA, with extremely large rate. The results of our investigation are in relatively good accord with those obtained from the gas-phase computations [19] . Our findings agree very well with the experimental results related to the rate constant for the reaction of CA with HO • (KONO et al., 1997) .
